The method of non-destructive control of the molecular structure of solid materials is improved, the distinguishing feature of which is a new sign of suitability for the peak values of the thermodynamic process in solid materials, which made it possible to increase the reliability of the non-destructive control. A statistical norm for deciding on the suitability of solid materials was introduced, which made it possible to organize statistical express control of solid materials under conditions of industrial production of electronic devices. In the practical plan, a structural scheme and an algorithm for measuring control of the peak values of the differential-thermal analysis of solid materials are proposed, on the basis of which a microprocessor based device for statistical express control is developed.
Introduction
Non-destructive control has always been one of the first measures that provide the required quality of finished products. However, in today's conditions it is necessary to change the approach to the implementation of non-destructive control.
Indirect methods of controlling the molecular structure are the measurements of the structuralsensitive characteristics of the material, on the basis of which the conclusion about its structure is made. One of these methods, which is the most informative, allows to carry out operational control in the process of industrial production, and also is the most sensitive to structural changes of solid materials, is a differential-thermal analysis [1] .
To date, the development of the theory and practical application of technical means for the nondestructive control of semiconductor parameters are engaged in such scientific institutions as the Zaporizhzhya State Engineering Academy, the Institute of Physics of the National Academy of Sciences of Ukraine, the National University "Lviv Polytechnic". A significant contribution to the development of the theory of the non-destructive control was made by scientists Grishchenko V.T., Gorlov M.I. [2] .
The further development of scientific research in this direction is the use of the theoretical foundations of statistical information processing for the organization of non-destructive control of the molecular structure of solid materials in order to determine the suitability or unsuitability of batches of solid materials in the conditions of industrial production of electronic devices. In addition, in order to improve the parameters of contactless temperature transducers of phase transitions of solid materials, it is expedient to use a negative differential resistance for the construction of integrated frequency converters. This area of research is based on the achievements of the scientific school of Vinnytsia National Technical University in the development and research of the theoretical foundations of reactive properties in semiconductor devices, given in papers by D.Sc., prof. V.S. Osadchuk [3, 4] . Theoretical studies and development of microelectronic transducers of physical quantities based on a transistor structure with the negative resistance and frequency output were conducted by D.Sc., prof. O.V. Osadchuk [5, 6] .
Parameters characterizing the phase transition of a solid materials are the temperature of the phase transition, the time over which the phase transition passes, the activation energy of the corresponding phase transition process of the solid material, the thermal effect in absolute units on the differential-thermal analysis curve. But the main technical parameter of the phase transition is the peak value of the temperature. In the industrial production of electronic devices, this parameter is measured in laboratories by a thermogravimetric method, which requires considerable time consuming, and therefore makes it impossible for the operational non-destructive control of batches of solid materials at industrial sites.
Known methods of non-destructive control of parameters of solid-phase systems, which means solid materials, are cumbersome, expensive, operate predominantly in manual mode, have low accuracy, sensitivity, reliability and performance.
In view of the above, it is obvious that the decision of the scientific and technical task of developing the method of non-destructive control of structural-sensitive parameters of the peak values of the differential-thermal analysis of solid materials and the creation on its basis of a means of continuous non-destructive control in the process of production of electronic devices is obvious.
The solution of this problem is based on the use of statistical criteria: F-test (Fisher) and t-test (Student's) in the processing of the results of the differential-thermal analysis of solid materials, it is possible to organize the non-destructive express control of the peak values of the differentialthermal analysis of solid materials and determine the suitability or non-suitability of solid-phase batches materials for the manufacture of electronic devices, as well as increase the probability of control.
It contains the researches, which were conducted within the project 0117U007139 «Methods and devices for forming, processing and measuring signals of radio information systems of industrial and military objects», financed by Ministry of Education and Science of Ukraine.
Analysis of Methods for Research the Molecular Structure of Solid Materials
An analysis of literary sources has shown that methods for controlling the molecular structure of solid materials are divided into direct and indirect ones. Extremely important in the study of solidphase systems are the methods of direct study of the geometric organization of the system [7] . In Fig. 1 is shown a block diagram of the classification of research methods for solid-state systems.
An analysis of literary sources and a patent search has also shown that today many systems of differential-thermal analysis have been created, based on which a contact method for measuring the temperature of thermocouples is established. After conducting a more detailed comparative analysis of known means suitable for differential thermal analysis of solid materials, it was concluded that for this task it is expedient to use non-destructive temperature control with frequency output based on the transformation of the radiation temperature into the output frequency signal in sensitive semiconductors materials based on transistor structures with negative resistance.
Unlike contactless non-destructive temperature control, non-contactless allows to exclude factors such as the influence of non-informative parameters, aging and wear of thermocouples, which results in a decrease in the systematic error of measurement, significantly increases the accuracy and sensitivity of the measuring instrument and, as a consequence, the probability of control. The use of frequency modulated output signal allows to achieve a gain in noise immunity in comparison with other measuring devices in the transmission of measuring information to digital information processing devices. As a result of a more detailed research of the principles of constructing structural schemes, features, advantages and disadvantages of the most common systems of differential-thermal analysis, it has been established that none of them meets all the requirements for non-destructive control means of the molecular structure of solid materials, namely: the possibility non-continuous express control with high precision in a wide range of measurements.
Therefore, the research direction is to improve the method of non-destructive control of molecular structure of solid materials, which, as compared with the known, should have high accuracy of measurement and provide a high value of the probability of control.
To develop this direction, the following tasks need to be addressed: -to investigate the object of control, to determine by which thermodynamic process parameter in solid materials the non-destructive control will be most effective, as well as to set the range of change of the controlled parameter;
-to improve the method of non-destructive control of structural-sensitive parameters of molecular structure of solid materials; to obtain a transformation equation; a structural scheme for its implementation; and an algorithm for conducting non-destructive control of batches of solid materials; to evaluate the uncertainty of measurements and the probability of control;
-to develop microprocessor device of non-destructive control of molecular structure of solid materials on the basis of frequency measuring converters;
-carry out experimental studies and confirm the adequacy of theoretical studies.
Mathematical Model of the Thermodynamic Process in Solid Materials
To develop the method of non-destructive control of structural-sensitive parameters of molecular structure of solid materials on the basis of DTA, a mathematical model that adequately describes the peaks of thermodynamic processes should be developed.
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The method of temperature curves is based on recording the temperature of the sample from time to time when it is heated or cooled. Inside the furnace (heater) install a container (crucible) with a sample, the temperature of which is measured by a thermosensitive converter. If the furnace temperature is evenly raised, then in the absence of heat dissipation in the sample, the temperature of the crucible will always be less than the furnace temperature, but the higher temperature of the sample due to the limited heat transfer. Temperature difference
between the sample and the wall of the furnace causes the heat flow from the heater to the sample [10] :
where А is the area of the section of the heat flux; Х is a length of the heat flow path; ( ) Т λ is an effective coefficient of thermal conductivity.
If a sufficiently inertial furnace is used to heat the sample, the heat release or absorption of the sample during the temperature change does not significantly affect the temperature dependence of the furnace on time. Knowing the law of changing the temperature of the heater from time and defining a similar dependence of the temperature of the sample, one can determine the dependence of the heat flow to the sample [10] :
( )
where f(T) is the coefficient of sensitivity, the dependence of which on temperature must be determined experimentally. It should be noted that the value of the coefficient of sensitivity depends on many parameters of the experiment, including the material and geometry of the container.
In the stationary conditions of the experiment, the absorbed heat flux should be equal to the sum of the rate of absorption (allocation) of heat during chemical or phase transformations of the sample and the rate of absorption of heat when the sample is heated. Accordingly, data on the temperature deviation of the sample from the furnace temperature gives information on the rate of change in the enthalpy of the sample to be research.
Consider the fragment of the DTA curve for the endothermic processes of the phase transition of a non-crystalline semiconductor. In those temperature ranges where there is no phase transition of the sample, the temperature of the crucible of the sample is .sam. meas T gradually increases over time. The heat flow from the heater to the sample crucible in this case is obviously equal to the product of the sum of the heat capacity of the sample and the crucible on the heating rate in accordance with equation (1), in other words, the temperature difference between the crucible of the sample and the heater is directly proportional to the heating rate of the sample and is linearly dependent on its heat capacity [10] :
The value of the DTA signal can take both negative and positive values, depending on the ratio of the heat capacity of the sample and the standard. The order of the progress of the DTA signal in the absence of transformations is called the "zero" or "basic" line and corresponds to the dependence of the difference between the heat capacity of the sample and the standard from the temperature. In the presence of transformations in the sample under study, accompanied by the absorption of heat, the lagging temperature of the sample increases. This is due to an increase in the rate of change in the enthalpy of the sample, which requires an adequate increase in the heat flow from the heater to the sample. Accordingly, the endothermic process is reflected on the DTA curve by the "reverse" peak. In the case of sufficiently slow heating, the state of the system can be considered as a quasistationary, and the value of the heat flux, which is determined by equation (1), equal to the rate of change in the enthalpy of the sample. In this case, the thermal curves of the DTA allows to obtain quantitative information about the temperature of processes, changes in the processes of enthalpy and heat capacity of the sample, and for chemical transformations -about their activation energy.
Changing the position of the DTA zero line after the effect (the change of the zero line 2 relative to the zero line 1 in Fig. 2 ) determines the change in the specific heat during the phase transformation,
where ( ) ( ) ( )
is the DTA coefficient of sensitivity; ϕ is a heating rate.
The application of these functions to describe all peak characteristics is not correct, since in most cases the peaks of thermodynamic processes are far from symmetrical. It is proposed to use a function describing the peak of the thermodynamic process as a mathematical model of the endothermic section of the DTA-curve. The elementary peaks function is used to describe all endothermic projections. The mathematical description of each branch of the peak was performed separately, and then a multiplicative combination of data of elementary peaks functions was used. The basis of the developed mathematical model is the equation describing the section of the DTAcurve, which consists of the sum of the quantities characterizing the shape of the front and rear edges of the peak, and also contains a parameter whose module determines the height of the peak, and the sign defines the kind of thermodynamic process [11] :
where 0 k is a pre-subscript multiplier in the Arenius expression for the process speed constant; ϕ is the heating rate of the solid material; R is an universal gas constant; Е is a process activation energy; min Т is a peak temperature; Т is a temperature of the test sample.
From expression (5) one can find an analytical expression for the temperature of the peak characteristic of the endothermic region of the DTA-curve [11] :
To test the adequacy of the developed mathematical model of DTA, a program was written in Maple to calculate the peak characteristic of the endothermic process in terms of expression (5) . The simulation results are presented in Fig. 2 . In addition to endothermic effects when the sample is heated, it is possible to proceed with processes that are accompanied by exothermic effects. These are processes of chemical transformations, as well as transitions from metastable or frozen states to equilibrium, for example crystallization of amorphous semiconductors. An example of such a transformation is shown in Fig. 3 .
An analytical expression for describing the exothermic region of the DTA curve [11] :
where max Т is a temperature of the peak characteristic of the exothermic process.
The most important characteristic points for the description of exothermic effects are the temperature of the onset of the effect and the temperature of reaching the maximum deviation from the zero line. As in the case of endothermic effects on thermograms of exothermic processes, it is possible to determine the change of enthalpy in the effect area in the coordinates of the DTA and the heat capacity of the system by changing the position of the zero (baseline) line. The maximum value of the DTA Tmax temperature depends on the sample's heating speed [11] :
Equation (8) was obtained for the activation energy of homogeneous processes in the liquid phase, but it also describes well heterogeneous processes, for example, crystallization.
To verify the adequacy of the developed mathematical model of the exothermic process of the solid material, a program was written in Maple to calculate the peak characteristic of the differential-thermal analysis by expression (8) . The simulation results are presented in Fig. 3 . Comparison of simulation results and known empirical dependencies has proven that the proposed model adequately describes the physical processes that occur during the differential thermal analysis. The relative error of the developed model does not exceed 5%.
Let's consider the thermogram of a polymorphic transformation of the solid material in Fig. 2 . For the convenience of numerical estimates, we construct a graph of the derivative of the DTA signal from the sample temperature in Fig. 4 . With a curve d(∆T)/dT it can be defined five characteristic points in tab. 1. In tab. 1 ТL is the temperature of the start of the transition, it is this temperature and, in essence, the desired temperature of the phase transition. However, it should be remembered that for phase particles, the temperature of the phase transformation can be much lower than for a massive phase. Тmax is the temperature of the maximum transition velocity, which is slightly higher than the real temperature of the phase transition. This is due to the inertia of the system and the order of magnitude difference between Тmax and . . Thus, based on the research of the mathematical model of the thermodynamic process in solid materials, it was found that the peak value of the temperature of the DTA curve should be considered as the most accurate estimate of the end of the transformation; therefore, the operation of controlling structural transformations of solid materials should be carried out exactly by the peak value of the differential-thermal analysis. We will continue to mark the peak values of DTA . peakVal Т
Development of the Method for Statistical Express Control of the Peak Values of the Differential-Thermal Analysis of Solid Materials
The method is effective in the research of solid materials for comparative analysis of the molecular structure with the aim of assessing the degree of suitability of material for the manufacture of a particular type of device. The developed method is based on the calculation of the peak values of the differential-thermal analysis. The essence of the method is to establish the identity of the samples under research with the standard for determining the suitability or unsuitability of a batch of solid materials for industrial production. Identification is carried out in an instrumental way. As an instrumental method, differential-thermal analysis is used. Identification with the use of differential-thermal analysis is carried out in two stages:
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Materials Properties and Technologies of Processing -the first stage -obtaining identification thermoanalytical characteristics as a result of tests using statistical methods of processing and calculation of averages and variances;
-the second stage -establishing the identity (equality) of the sample to the identifier based on the comparison of the variances and mean values of significant characteristics of the differentialthermal analysis using statistical criteria: F-test, and t-test.
Samples for research are selected in accordance with standards or specifications. The mass, shape and size of the test specimens are selected depending on the type of device being manufactured, with the specification characteristics being specified in the relevant protocols for the non-destructive control.
Significant characteristics of the differential-thermal analysis are included: -peak values of the temperature of phase transitions of solid materials; -time for which the phase transition of the solid material passes; -the activation energy of the corresponding phase transition process of a solid material. The qualitative characteristics of the differential-thermal analysis are: -temperature intervals within which the corresponding processes of phase transitions of solid materials take place;
-extrapolated values of the temperature of the beginning and end of the thermo-analytical effects;
-thermal effects in absolute units according to DTA-curves. As a result of the differential-thermal analysis, appropriate graphic dependencies (thermograms) are obtained. Processing of graphic dependencies is carried out using the appropriate software of the differential-thermal analysis device.
As a result of the processing of graphic images for each normalized point and a set of parallel studies are determined: -arithmetic mean by formula: -the values of a significant characteristic of differentialthermal analysis; -deviation d from the mean arithmetic meanings by the formulas: 
-mean square deviation of repeatability (convergence) of measurement results S for each point according to the formula: 
Setting the identity of the samples. Identification of the two test samples -the identifier and the sample that got on the analysis is based on the comparison of the following identification criterias:
-the number of peak DTA values on the corresponding curves; -all significant characteristics. For these purposes, the material that has fallen on the research is an analysis and the results are processed in accordance with the proposed methodology. The results of the studies are compared with those obtained for the identifier. The comparison is carried out according to the following scheme. The dispersions σ for each significant point are calculated according to the formula:
The dependence of the dispersions that are compared on the same general population (zerohypothesis testing, i.e. with the use of the following inequality:
is the dispersion of the normed point of the identifier and the sample of the material of the solid material; in this case, the numerator always has a greater variance, i.e.
. theor F is selected from tabular values [12] , depending on degrees of freedom 1 f and 2 f . If inequality (13) is performed for each significant characteristic, then the zero-hypothesis is confirmed. In this case, the random errors of both series of studies are close in magnitude and not caused by the influence on them of the material of solids. Otherwise (
) it is concluded that the materials of solids are not identical.
In the case of the inequality (13) for each significant characteristic, a comparison of the two meanings is performed using t-test ( . ) in the following order:
-for each significant point averaged dispersion is determined by the formula:
where 1 n is a number of identifier tests; 2 n is a number of experiments of the researched solid material; -
is calculated by the formula:
If the found value . еxp t in absolute value will be smaller . theor t :
.
. еxp theor
where . theor t determined according to table data [13] with a given level of significance and the number of degrees of freedom of the combined sample ( 1 2 2 f n n = + − ), then the zero-hypothesis is taken and the comparison of the mean for each normalized characteristic does not give a meaningful difference.
If the found value . еxp t in absolute value will be bigger . theor t ( exp.
. theor t t > ), then the zerohypothesis is rejected and the mean values for each characteristics of the differential-thermal analysis have significant differences.
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Comparison of sample materials are considered to be identical on the results of differentialthermal analysis based on the following conclusions:
-the number of basic (significant) peaks DTA coincides; -significant characteristics of the differential-thermal analysis satisfy the inequalities (13), (16). In Fig. 5 it is shown the structural scheme of the developed method of non-destructive control of the molecular structure of the solid materials. The DTA installation contains furnace 6, in which two crucibles are placed with the test sample 1 and excellent sample 2, which are presented with frequency measuring converters 3 and 4. The speed control of the furnace is controlled by a microcontroller through the heating element. The temperature control in the furnace is carried out by a frequency measuring converter 5. Fig. 5 . Structural schema of the developed method An example of a practical implementation of a relatively inexpensive automated measuring instrument can be a developed microprocessor measuring device for non-destructive control of the molecular structure of solid materials. The basis of his work is the principle of registration of thermograms derived from differential-thermal analysis. This tool is an installation for differential thermal analysis with a connection to a PC.
The microprocessor device of non-destructive control consists of two main parts: the hardware part and the specialized software.
The software part provides the following functions: -interface of measuring devices with a computer; -control of furnace heating process, control of individual measuring instruments; -measurement of the DTA curves (thermograms).
In the DTA installation, frequency measuring converters based on the reactive properties of semiconductor structures with frequency output are used as pyrometric converters for measuring differential and dynamic temperatures. The use of frequency measuring converters made it possible to conduct 1000 measurements of temperature in 1 second, which is three orders more than the analogue. In addition, frequency converters on the basis of on transistor structures with negative impedance (TSNI) have a lower systematic error for thermocouple transducers [14] , which allowed to reduce the systematic error of the definition of phase transformation of matter by 0.7% [13, 15] .
The developed device of non-destructive control are shown in Fig. 6 . 
Experimental Researches
The developed microprocessor device for non-destructive control of the molecular structure of solid materials have been carried out experimental research for a film of amorphous selenium. In Fig. 7 depicts a photo of the experimental installation for DTA, which was made at the production facility of the state-owned scientific research institute "Helium".
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Materials Properties and Technologies of Processing Fig. 7 . Experimental installation for differential-thermal analysis
The heating rate of the furnace was fixed and was 5 0 C per minute. As a result of experimental research, a differential-thermal analysis curve was obtained. Graphical representation of the obtained DTA curve is depicted in Fig. 8 . Fig. 8 . The curve of differential thermal analysis for a film of amorphous selenium is obtained by the developed means of the non-destructive control with a heating rate of 5 0 C per minute
We define the phase transformations of a film of amorphous selenium from the obtained thermogram in Fig. 8 . As can be seen from the curve of such transformations there are three peaks: 1) the first endothermic peak at a temperature of 42.75 0 С, which corresponds to the transition from the amorphous state to the vitreous;
2) an exothermic peak at a temperature of 132.28 0 С, which corresponds to the crystallization temperature (the crystallization process is the longest and takes the range from 100 0 С to 160 0 С);
3) second endothermic peak at a temperature of 221.99 0 С, which corresponds to the melting point of selenium.
For comparison, let us consider the result of the differential-thermal analysis of a film of amorphous selenium carried by a derivatograph. Derivatograph is a multifunctional system of thermal analysis, which allows thermograms, differential thermal, thermal curves to be obtained on one paper band. Thermocouples are used as pyrometric converters to measure temperature in a derivatograph. From the obtained data of the endotermic peak of the derivative, at 42 0 C, it was not recorded at all because of the low rate of registration, although it should be observed according to table values.
Compare the values of the phase transitions received tabular, the modern derivatograph and the microprocessor device on the basis of autogenerators with negative resistance. The data is listed in the table 2 (device on TSNI -developed in this work DTA device). As can be seen from table 2 the value of phase transitions based on the developed DTA device is closer to the table, but at the same time the temperature value is displayed to hundredth values. The DTA system, on the basis of frequency measuring transducers with negative impedance, registers the temperature three times faster than the modern DTA systems, and at the same time, the maximum combined error of the phase transition determination is less than 0.8%.
Conclusions
The mathematical model of the thermodynamic process in solid materials is improved, which differs from another's that adequately describes the peaks of thermal effects when the heating temperature of solid materials changes, which made it possible to obtain an analytical expression for calculating peak values. Comparison of simulation results and known empirical dependencies has proven that the proposed model adequately describes the physical processes that occur during the differential thermal analysis. The relative error of the model does not exceed 5%.
As a result of the research of the mathematical model of the thermodynamic process in solid materials, it is established that the peak values of the thermodynamic process in solid materials should be considered as the most accurate estimate of the end of the transition of a solid material from one phase to another, therefore the operation of non-destructive control of the molecular structure of solid materials should be carried out precisely at the peak values of the thermodynamic the process.
The structural scheme and algorithm of the work of the device of non-destructive control of the molecular structure on the basis of differential-thermal analysis are developed.
The errors in measuring the peak values of the thermodynamic process in the film of amorphous selenium have been analyzed. The mean square deviation of the temperature is 0.05 0 С, the absolute error does not exceed 0.5 0 С, and the relative error of the repeated measurement of temperature is 0.3%.
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